Dielectric spectroscopy of biological cell suspensions has a serious problem at low frequencies, where electrode polarization (EP) effects mostly mask their dielectric spectra. This paper describes a new type of measurement cell capable of extending the available low-frequency region by shifting the EP effects towards low frequencies. Its effectiveness was evaluated by computer simulation and experimental measurement on suspensions of erythrocytes and ghosts (hypotonically lysed erythrocytes). The results showed that the available low-frequency region was extended about ten times as compared with a corresponding conventional measurement cell, and that the low-frequency dispersion (so-called -dispersion) of ghost suspensions was definitely observed.
Introduction
Dielectric spectra of biological cell suspensions show -and -dispersion in the radio-frequency range [1] . The -dispersion is usually found above 10 kHz, being due to interfacial polarization or the Maxwell-Wagner effect. It is well understood and has been extensively and intensively studied [1] [2] [3] [4] [5] . In contrast to the -dispersion, the -dispersion that appears at the low-frequency (LF) side of the -dispersion has difficulty in measurement, because it is mostly masked by the electrode polarization (EP) effect, which is due to an electric double layer at the interface between an electrode and an aqueous solution of electrolytes [6, 7] .
A number of methods have been proposed to reduce and correct the EP effect [8] [9] [10] [11] [12] .
Nevertheless, there has been no established method, and it is still difficult to get reliable data on the -dispersion. In this study, a new measurement cell has been designed to extend the available low-frequency region by shifting the EP effect towards low frequencies.
Strategy to reduce the EP effect
A parallel-plate capacitor type of measurement cell (figure 1(a)) is commonly used for dielectric spectroscopy in the radio-frequency range. If the measurement cell is filled with an aqueous solution of electrolytes, the EP effect appears at low frequencies, say below 10 kHz, resulting from the impedance of the electrode interface. It is known that the electrode impedance Z el has a constant phase angle element, i.e. Hence, we can shift the EP effect to the LF side by increasing C el and/or R s to extend the available low-frequency region. For increasing C el , we often use Pt-black electrodes, whose effective surface area is increased by plating fine Pt-particles. A strategy to increase R s independently of C el is to increase the electrode distance besides reducing the sample conductivity. However, this is not so effective because the increased electrode distance reduces the measurement sensitivity and requires a large sample volume. Here, I propose an hourglass-shaped measurement cell (termed an H-cell) that has a neck in the middle between the electrodes ( figure 1(c) ). The neck part is the sample cavity for a cell suspension, being connected to the compartments filled with the suspending medium. The sample cavity and the neighboring compartments are separated by membranes that are freely permeable to ions but not to cells. The advantages of this type of measurement cell are as follows. (i) The value of R s can be increased largely by decreasing the neck radius. (ii) Since the electric current converges on the sample cavity, the sample volume is extremely reduced keeping enough measurement sensitivity. The reduction of the sample volume is important because a large amount of purified biological cells is not easily obtainable. To my knowledge this type of measurement cell has never been designed for dielectric spectroscopy although similar conductometric cells are used for small sample volumes. In the following sections, the effectiveness of the H-cell will be evaluated by computer simulation and experimental measurement. 
Aqueous solutions of electrolytes
Here, we consider a simple case that domains a and b are the same aqueous solution, i.e. Figure 3 shows frequency dependence of the capacitance C and conductance G calculated for models H and C. The plots of log C against log f gave straight lines with negative slopes, which correspond to the EP effect. The EP effect of model H appeared at frequencies about ten times lower than that of model C. The EP effect was also seen in the G plots for model C below 100 Hz. At higher frequencies than 1 MHz, model H showed dielectric relaxation of a small intensity as shown in figure 4 . The dielectric relaxation is due to the complex structure of model H where the electric field is non-uniform and is well represented by
where C h is the high-frequency limit of capacitance, C is the relaxation intensity, f c is the characteristic frequency and G l is the low-frequency limit of conductance. The dielectric relaxation parameters C h , C, f c and G l were determined by fitting (1) to the dielectric relaxation, being listed in the row of  b / a =1 in table 1. table 1 by the method described previously [13, 14] . The results are summarized in table 2. The conductance G  of circuit  is proportional to  b , suggesting that circuit  corresponds mainly to a region including domain b. However, the electric parameters of circuit  are also influenced by  b . It is therefore difficult to simply assign circuits  and  to domains a and b. Table 1 . Dielectric relaxation parameters of the high-frequency relaxation for varied  b / a ratios 
Dielectric cell constant and stray capacitance
The admittance obtained using a measurement cell is usually converted to the complex relative permittivity for subsequent theoretical analysis. For the conversion, we need the dielectric cell constant and the stray capacitance of the measurement cell, which are definitely determined using reference materials (e.g. air and water) for the C-cell. Those of the H-cell, however, are not uniquely determined and likely depend on the electric properties of the sample. To examine this problem, simulation was made by varying the relative permittivity  b and conductivity  b of domain b in model H in the absence of the EP effect. The capacitance was independent of frequency below 100 kHz, being directly proportional to  b at a fixed value of  b / a ( figure 5(a) ).
The proportional coefficient corresponding to the cell constant depends on the  b / a ratio ( figure   5(b) ), whereas the intercept at  b =0, i.e., the stray capacitance, is almost constant. In conclusion, the cell constant is not determined uniquely but the capacitance is proportional to  b if the  b / a ratio is unchanged. 
Cell suspensions having -and -dispersion
Simulation was made for models H and C containing biological cell suspensions using the effective medium approximation [15] , which simplifies numerical calculation by regarding a 
where
, d is the thickness of the plasma membrane and R is the radius of the cell. 
where  h is the HF limit of relative permittivity,  1 is the relaxation intensity, f c1 is the characteristic frequency and  l is the low-frequency limit of conductivity. The dielectric relaxation parameters  h ,  1 , f c1 and  l were calculated from the electric and geometrical parameters of the cells. In this simulation, the values used for the parameters in (2) and (3) 
where subscripts 1 and 2 refer to the -and -dispersion, respectively. With reference to the dielectric dispersion of erythrocyte ghosts [17] , the relations of  1 = 2 and f c =f c /100 were assumed, and the values used for the parameters in (5) were  h =79.5, Table 3 . Relaxation parameters of the spectra shown in figure 6 . The H-cell has a great advantage for studying the LF dispersion, but includes some drawbacks: the HF spectra are likely distorted, and the dielectric cell constant is not simply 
where C 0 and C s are respectively the dielectric cell constant and the stray capacitance of the C-cell. (iv) By replacing the HF data, say above 50 kHz, with those of the C-cell to remove uncertainty with the H-cell. This procedure was applied to the data in figure 6, providing dielectric spectra as shown in figure 7 . Apart from the EP effect, the spectra are in a good agreement with the spectrum of  susp * given in the simulation. Figure 8 shows an H-cell made of polycarbonate, where a cylindrical sample cavity and two conical compartments are separated with cellulose membranes for dialysis (Eidia, Japan). A cell suspension was put into the sample cavity, and the conical compartments were filled with the suspending medium. The dialysis membrane is suitable for the partition because it is a quite small permeability barrier to small ions and therefore is nearly transparent electrically. The insertion of the dialysis membrane caused no discernible change in capacitance but only a 10 % reduction in conductance. The C-cell used was a parallel plate capacitor of a cylindrical sample cavity whose geometry was similar to that of the H-cell. 
Experimental verification

Dielectric measurement
Suspensions of erythrocytes and ghosts
The performance of the H-cell was evaluated using suspensions of horse erythrocytes and ghosts. Erythrocytes were prepared from preserved horse blood purchased from Nippon Biotest Lab. (Japan). The blood was centrifuged at 500  g for 5 min to remove the plasma and the buffy coat, and the collected erythrocytes were washed twice with Dulbecco's phosphate buffered saline (PBS). The H-cell whose sample cavity and connecting compartments were respectively filled with the erythrocyte suspension and the suspending medium (PBS) was subjected to dielectric measurement. The same erythrocyte suspension was also measured using the C-cell. The results are shown in figure 9 . Increases in C due to the EP effect were found at low frequencies below 10 kHz for the H-cell and 100 kHz for the C-cell. The available low-frequency region was definitely extended about ten times . The dielectric spectrum above 100 kHz is -dispersion due to interfacial polarization, which is slightly distorted with the H-cell. Horse erythrocyte ghosts were prepared by hypotonic hemolysis as described in a previous paper [18] . Erythrocytes were washed with a 5 mM sodium phosphate buffer (pH 8) (NaP8) containing 0.15 M NaCl and then one part of the erythrocyte suspension was hemolysed by mixing with ten parts of a medium containing 5 mM NaP8 and 0.01 mM MgSO 4 . The lysed erythrocytes were collected by centrifugation at 8,000  g for 15 min and washed with a 5 mM sodium phosphate buffer (pH 7.2) (NaP7.2) containing 0.1 mM EDTA. Finally, white ghosts were obtained, which were resuspended in 5 mM NaP7.2 containing 10 mM NaCl and 0.1 mM EDTA. All operations in the ghost preparation were performed at 0-4ºC. Dielectric measurement was made at 15ºC. Figure 10 shows the dielectric spectra measured with the H-and C-cells. A large portion of the -dispersion is clearly seen with the H-cell, whereas it is mostly covered with the EP effect for the C-cell.
Following the procedure described in section 3.4, the spectra of relative permittivity were obtained from the data in figures 9 and 10, and is shown in figure 11 . The suspension of intact erythrocytes in PBS does not show any LF dispersion down to 10 kHz. The -dispersion of ghost suspensions, which has never been traced since Schwan and Carstensen first reported it [17] , has been evidently confirmed in this study using the H-cell. An investigation on the -dispersion of ghost suspensions is undertaken and the results will be reported elsewhere. 
Concluding remarks
The effectiveness of the H-cell has been evaluated by computer simulation and experimental measurement. Computer simulation is useful for designing a measurement cell. Before making a prototype, we can check the effectiveness and drawbacks of the design. The experimental measurement demonstrated that the H-cell reduced the EP effect to extend the available low-frequency region about ten times compared with the conventional cell of a parallel-plate capacitor type. The H-cell allows accurate measurement of the -dispersion of biological cell suspensions, thereby improving our understanding of its origin.
Particles with charged surfaces and polyelectrolytes in water show LF dielectric dispersion due to counterion polarization. The H-cell would be also applicable to suspensions of the particles and solutions of the polymers, providing reliable data on the LF dielectric dispersion.
